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, $\Sigma$ , $\Sigma$
$s\in\Sigma^{*}$ (word) ,
$len(s)$ . $s$ , $s=uvw$
$u,$ $v,$ $w$ , , $s$ (prefix),
(subword), (suffix) . $s,$ $t$
Virtual suffix trees: fast computation of subword
frequency using suffix arrays, T. Kasai, H. Arimura,
S. Arikawa, Department of Informatics, Kyushu Univer-
sity, Hakozaki 6-10-1, Fhkuoka 812-8581, Japan. {arim,
$\mathrm{a}\mathrm{r}\mathrm{i}\mathrm{k}\mathrm{a}\mathrm{w}\mathrm{a}\}@i$ . kyushu-u. $\mathrm{a}\mathrm{c}.\mathrm{j}\mathrm{p}$
, $s$ $t$
(longest common prefix) ,
. $lcp(s, t)$ .
$n$ (text) , $A=$
$a_{1}a_{2}\cdots a_{n}$-1$ . , $a_{i}\in\Sigma$ , $\equiv \mathrm{a}-\mathrm{D}$
$ $ $\not\in\Sigma$
. , $n\geq 2$ . $s$ ,
$1\leq i,j\leq n,$ $i\leq j$ , $s=a_{i}\cdots a_{j}$
, $s$ $A$ , $i$ $s$
(occurrence) . $1\leq i\leq n$ ,
$i$ $A$ $A_{i}=a_{i}\cdots a_{n}$-1$
.
$A$ (suffix tree) ,
$T_{A}$ [8]:
(1) , $A$ \alpha






(3) $v$ , $v$
. ,
(branching subword) , Word$(v)$ .






$T_{A}$ , $n$ $n-1$
, $O(n)$ . 4
, TA $15n$
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$1\leq i\leq n$ , $Pos[i]$ ,
s $A$ . ,
–
.
1 , . ,
2 4 , 4
2 A4=ACCA$ .
, 1 A ,
[1..3] .
$Pos[1..n]$ ,
$Suf[1..n]$ , $Suf[P_{\mathit{0}}S[i]]=i$ . $Suf[i]$
, $A_{i}$ . (hight
$\mathrm{a}\mathrm{r}\mathrm{r}\mathrm{a}\mathrm{y})H.gt[i]$ , $1\leq i<n$ ,
$Hgt[i]=lcp(APos[i], A_{P_{\mathit{0}}}[si+1])$









. $T$ $u,$ $v,$ $w$
. $u,$ $v$ , $u$ $v$
, $u\preceq v$ , $u\prec v$
. $T$ $l$ , $i$
, $l$ $i$ . $v$ ,
left$(v)(right(v))$ $v$ $T$
( ) .
$w$ , $u$ $v$ (nearest com-
mon ancestor) , $w=nca(u, v)$ $w\preceq u$
$w\preceq v$ , $x\preceq u$ $x\preceq v$
$x$ , $x\preceq w$ .
. . $T$ (Pos-
torder traversal) ,
:
(1) $.T$ – $v$ , (V) ,
$T$ .
(2) $T$ $v$ , $v_{1},v_{2},$ $\ldots,v_{m}(m\geq 1)$
, $i$ , $v_{i}$ $T$






$D$ , (domain) .
$\oplus:D\mathrm{x}Darrow D$ , $\phi$ $D$
. , $\phi$
$e\in D$ , $e\oplus\phi=\phi\oplus e=e$ .
$B:\{1, \ldots, n\}arrow D$ , $A$
. $A$
(subword statistics) , $A$
’
$\alpha$ $D$ $C$ , $A$
$\alpha$ $i\mathrm{l}\leq i_{2}\leq\cdots\leq i_{m}$ ,
$C(\alpha)=B(i_{1})\oplus\cdots$ \oplus B( ) .
82
Naive-Traverse
1. $T_{A}$ $l_{i}$ , $C_{l_{*}}$. $:=B(p)$ .
, $P$ v $A$
.
2. , $v$
, $C_{v}:=C_{v_{1}}\oplus C_{v_{2}}\oplus\cdots\oplus C_{v_{m}}$
. , $m\geq 2$ , $1\leq i\leq m$
, , $v$ $i$ .
2: ,
(subword statistics problem)
: $A$ , $D$ , $B$ ,
\oplus .
: $A$ ( )





$\bullet$ (String statistics with over-
laps) [1]. ( )
, .. (Longest repeated substring
problem)[3](pp. 21). 2
.
$\circ$ (Longest common substring
problem) [3] $(\mathrm{p}\mathrm{p}. 20)$ . $2$
. (
, ). (Color set size ploblem) [6].
, (
) ,
(color set size) .. (Characteristic substring
problem) [10]. , 2












. , $Q$ $\overline{T}_{A}$


















, $T$ , $n$
. $1\leq i\leq n$ , $l_{i}$ $T$
$i$ , ncai $l_{i}$ $l_{i+1}$





1( ) $T$ $i$ $l_{i}$
, $l_{i}$ ,
, ,
$\Pi_{i}$ . , $\Pi_{i}$
.
,
. 4 , .
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Algorithm Traverse-Tree
1. Compute the $nca_{i}\mathrm{s}$ and $S:=\phi$ .
Push $\hat{r}$ into $S$ .
2. For each leaf $l_{i},$ $i=1,$ $\ldots,$ $n$ , do:
(a) Push $l_{i}$ .
(b) $w:=nca_{i}$ . Let $v$ be the top of $S$ .
(c) While $w\prec v$ , do:
(i) Report $v$ .
(ii) Let $v$ be the top of $S$ .
(d) If $v=w$ then
Do nothing.
(e) Else if $v\prec w$ then




1 $1\leq i\leq n$ , l,
ncai $v_{1}(=l_{i})v2\ldots vkvk+1(=nca_{i})$
,. , $\Pi_{i}=v_{12}v\cdots$ .





$2.(\mathrm{a})$ 2(e) For $\mathrm{K}\mathrm{s}_{-\text{ ^{}\circ}}$ $i$
$i$ . $i$ ,
2(a)
$S_{i-1}$ .








, $l_{k}$ . ,





$v$ . $v$ $T$
$l_{i}$ , $l_{j}$ $(i\leq j)$ .
, l, – $l_{i-1}$ , $l_{j}$ –



















, $n$ $A$ , $A$
$T_{A}$ .
4.1





1. Compute $Hgt[1..n]$ and $S$ $:=$ $\phi$ . Push
$(\phi, (0, -1))$ into $S$ .
2. For each rank $i=1,$ $\ldots,$ $n$ , do:
(a) Push $(B(PoS[i])),$ $(i, |A_{P_{oS}[]}i|))$ .
(b) $(C_{new}, (L_{new}, H_{ne})w):=(\phi, (i, Hgt[i]))$ . Let
$(C, (L, H))$ be the top of $S$ .
(c) While $H>H_{new}$ , do:
(i) Report $(C\oplus C_{new}, (L, H))$ .
(ii) $C_{new}$ $:=$ $C\oplus C_{new}$ and pop S. Let
$(C, (L, H))$ be the top of $S$ .
(d) If $H=H_{new}$ then
Pop $(C, (L, H))$ from $S$ , and then push $(C\oplus$
$C_{new},$ $(L, H))$ into $S$ .
. (e) Else if $H<H_{new}$ then






$(L, H)$ , (1) (2)
$v$ , node$(L, H)=v$ :
(1) left$(v)\leq L\leq right(v)$ .
(2) $len(word(v))=H$.




node$(L, H)=v$ $(L, H)$ .
7 1 $\leq$ $i$ $\leq$ $n$ ,
node $(i,\iota en(A_{P[}i]os))=l_{i}\text{ }\mathfrak{p}\mathrm{X}\text{ ^{ }}$ .
8 1 $\leq$ $i$ $\leq$ $n$ ,




$(i, Hgt[i])$ , (1)$-(3)$ .
(1) $H>Hgt[i]\Leftrightarrow node(L, H)\succ nca_{i}$ .
(2) $H=Hgt[i]\Leftrightarrow node(L, H)=nca_{i}$ .
(3) $H<Hgt[i]\Leftrightarrow node(L, H)\prec nca_{i}$ .
10 $n$ $A$ $A$
$Pos$ . ,
3 $Traverse_{-}with$-Array , $O(n)$
, $T_{A}$ .
Proo 6 , 7, 8, 9
. $\square$
11 $n$ $A$ , $A$
$Pos$ , $(D, B, \oplus)$
. , 3 Tra-
$verse-wi\theta h_{-}Array$ , $A$
$O(n+M(n))$ .
, $M(n)$ , $\oplus$ .







, Push Pop $O(1)$
, $len(AP_{oS}[i])=n-i+1$ $O(1)$








, Hgt $1\leq i\leq n$ ,
$Hgt[i]=lCP(A_{Po}A_{Po}i+])S[i]’ s[1$
. , $lcp(AP_{\mathit{0}\mathit{8}}[i], A_{Po}S[i+1])=$
$O(n)$ ,
$O(n^{2})$ 1.
6 , $Hgt[1..n]$ $O(n)$
Fast-Hgt . ,
.
12 $A$ $1\leq i<n$
, $l\varphi(A_{Ps}[i],A_{PoS}o[i+1])-1\leq lcp(A_{Pos[}i]+1$ ,
$A_{PoS[+1]+1}i)$ .
1 , $A=aaaaaa\cdots a$ ,
85
Algorithm Fast-Hgt
1. Compute $Suf[1..n]$ and $h:=0$.
2. For each position $i=1,2,$ $\ldots,n$ , do:
$.(\mathrm{a})$ If $s_{uf}[i]=n$ then
$Hgt[suf[i]]=-1.\mathrm{a}\mathrm{n}\mathrm{d}$ continue.
(b) $j:=Pos[s_{u}f[i]+1]$ .
(d) If $h=0$ then
$Hgt[Suf[i]]:=l_{C}p(A_{i}, Aj)$ .




Proof: $A$ , $A_{p_{\mathit{0}\mathit{8}[}}i$ ]
1 $A_{poS}[i]+1$ .
, $A_{p_{oS[}}i+1$ ] 1









13 $n$ $A$ $A$
$Pos[1..n]$ , 6
Fast-Hgt 1 , $Hgt[1..n]$ $O(n)$ .
6
2
Fas Traverse ( 7) , Unix
(Sun Enterprise3000, $\mathrm{g}++$ on Solaris 25)
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